Modified vaccinia virus Ankara (MVA) is a highly attenuated vaccinia virus that is under consideration as an alternative to the conventional smallpox vaccine Dryvax. MVA was attenuated by extensive passage of vaccinia virus Ankara in chicken embryo fibroblasts. Several immunomodulatory genes and genes that influence host range are deleted or mutated, and replication is aborted in the late stage of infection in most nonavian cells. The effect of these mutations on immunogenicity is not well understood. Since the structural genes appear to be intact in MVA, it is hypothesized that critical targets for antibody neutralization have been retained. To test this, we probed microarrays of the Western Reserve (WR) proteome with sera from humans and macaques after MVA and Dryvax vaccination. As most protein sequences of MVA are 97 to 99% identical to those of other vaccinia virus strains, extensive binding cross-reactivity is expected, except for those deleted or truncated. Despite different hosts and immunization regimens, the MVA and Dryvax antibody profiles were broadly similar, with antibodies against membrane and core proteins being the best conserved. The responses to nonstructural proteins were less well conserved, although these are not expected to influence virus neutralization. The broadest antibody response was obtained for hyperimmune rabbits with WR, which is pathogenic in rabbits. These data indicate that, despite the mutations and deletions in MVA, its overall immunogenicity is broadly comparable to that of Dryvax, particularly at the level of antibodies to membrane proteins. The work supports other information suggesting that MVA may be a useful alternative to Dryvax.
The eradiation of smallpox by use of vaccinia virus was one of the major accomplishments of vaccination. However, the potential threat of smallpox (variola virus) or monkeypox viruses being used as a biological weapon may again require mass vaccination of the general public, which is largely vaccinia virus naïve. Many of the laboratory and vaccine strains available today are derived from the prototype vaccinia virus strain deposited at the New York City Board of Health in 1874 and include the Dryvax (Wyeth) strain, which was widely used in the Americas and West Africa during the smallpox eradication campaign. The production of Dryvax was discontinued in 1982, and current stocks are over 25 years old. Production methods in use then (i.e., propagation on calf skin) are less acceptable today, owing to the potential for contamination with adventitious agents. Moreover the vaccine is associated with a significant risk of adverse reactions. For example, data collected during the eradication campaign revealed the risk of complications to be 188 per million vaccinations, with death occurring at a rate of 1 to 5 per million (15) . Generalized vaccinia was the most commonly observed side effect, with more-serious reactions (eczema vaccinatum, progressive vaccinia, and neurological/cardiac complications) responsible for 4 to 7% of all adverse reactions. Conventional nonattenuated vaccines are now considered unsuitable for a significant proportion of the population, including those individuals and their families that are immunocompromised and those individuals who have atopic dermatitis (eczema) or other skin conditions or are pregnant. There is therefore considerable interest in developing safer alternatives to Dryvax which are equally immunogenic but lack the pathogenicity.
The highly attenuated vaccine strain modified vaccinia virus Ankara (MVA) is under consideration as an alternative to Dryvax. MVA was developed towards the end of the eradication campaign and so has not been evaluated in areas of smallpox endemicity. Since it is no longer possible to evaluate the efficacy of new-generation smallpox vaccines in humans, estimations are being made from animal models using related orthopoxviruses. The MVA prototype was developed by Anton Mayr in Germany through a process of 516 serial passages of the chorioallantois vaccinia virus Ankara strain of the vaccinia virus on chicken embryo fibroblasts (CEF) (18) . As a result of adapting to avian cells in vitro, several genes required for immune escape and host range were mutated or deleted (six regions totaling ϳ31 kb) near the termini of the genome (3, 22) . This causes a block in MVA morphogenesis in most nonavian cells, resulting in reduced cytopathic effect or plaque formation (5) and causing replication to be aborted at the late stage of infection (5, 7) . The consequence is severe attenuation of MVA in mammalian hosts in vivo. Despite these gene mutations and deletions, MVA has retained its ability to protect animals against orthopoxvirus challenge nearly as effectively as nonattenuated strains (4, 11, 13, 20, 21, 26, 27, 32, 37) . Moreover, the immunogenicity of MVA is thought to be equivalent to that of conventional smallpox vaccines (13, 21, 27) . MVA also displays reduced virulence in animals (1, 31, 37) , and clinical trials in West Germany in the 1970s demonstrated it has an excellent safety profile in humans (19) . MVA is therefore considered more suitable for immunocompromised individuals, children, or those with skin conditions such as atopic dermatitis, for whom conventional vaccines are contraindicated. MVA is also under consideration as a delivery vehicle for other vaccines (6, 23, 33, 34) and for immunization prior to Dryvax administration to reduce its reactogenicity (13, 25) . Molecular studies have shown that the structural genes are intact in MVA (3, 22) , suggesting that critical targets for antibody-mediated neutralization have been retained. However, the effect of the mutations and deletions in MVA on the antibody response is not well understood. To address this, we have used vaccinia virus proteome microarrays (9) to profile antibody specificities in sera from rabbits, macaques, and humans inoculated with MVA and compared these with profiles induced by the conventional vaccine Dryvax in humans and macaques and the pathogenic strain WR in rabbits.
MATERIALS AND METHODS
Viruses. MVA is a clonal, host-restricted vaccinia virus that was developed by Ͼ500 serial passages of the Ankara strain of vaccinia virus on CEF. Two MVA preparations were used in this study. Each was derived by plaque purification of seed stocks from A. Mayr (University of Munich) and propagated in CEF. MVA-BN (Imvamune from Bavarian Nordic A/S, Kvistgård, Denmark) (36) was used for clinical studies, and sucrose gradient-purified MVA 1974/NIH clone 1 (37) was used to immunize macaques and rabbits. Dryvax (Wyeth) was derived from the New York City Board of Health (NYCBOH) strain and is a replicative, nonclonal heterogeneous population of vaccinia virus. Lyophilized Dryvax was obtained from the CDC and reconstituted according to the manufacturer's instructions. Vaccinia virus strain Western Reserve (WR) (ATCC VR-1354) is a clonal and fully replicative laboratory strain derived from Wyeth NYCBOH by repeated passage on cells including mouse brain and cultured cells. WR is neurotropic in mice and more virulent than the Wyeth strain. Stocks of WR were prepared in serum-free medium in rabbit kidney fibroblasts and purified by sedimentation through a sucrose cushion (14) .
Sera. Hyperimmune rabbit sera (Fig. 1A) were generated in two groups of three animals inoculated with MVA and WR by the intramuscular (i.m.) and intradermal routes, respectively, followed by intravenous boosting. New Zealand White rabbits (Harlan) (13 weeks old and weighing between 2.75 and 3.0 kg) were inoculated with 10 8 PFU of vaccinia virus strain WR intradermally at each of four sites on the shaved back (100 l/site) or inoculated with 5 ϫ 10 8 PFU of MVA i.m. at two sites in each hind leg (100 l/site). Booster intravenous inoculations of 10 9 PFU of each virus were given at weeks 9 and 17. Sera were collected before inoculation (preimmune sera) and at weeks 4, 9, 11, 15, and 19. Cynomolgus macaque sera (Fig. 1B) were obtained from four groups of six animals immunized and boosted on week 8 as previously described (13): group 1 ("MVA/MVA") animals were immunized and boosted i.m. with MVA, group 2 ("MVA/DVX") animals were immunized i.m. with MVA followed by a percutaneous boost with Dryvax, group 3 ("Ϫ/DVX") animals were immunized by percutaneous immunization with Dryvax alone at week 8, and group 4 animals were unimmunized. Sera from prebleed, week 2, and week 14 animals were analyzed for this study. All groups were challenged with monkeypox virus on week 16. Unimmunized animals became gravely ill or died, whereas vaccinated animals were healthy and asymptomatic, except for transient skin lesions in the MVA/MVA group (13) . Human sera (Fig. 1C) were obtained from a randomized, partially blinded placebo controlled trial of Imvamune conducted at the NIAID-sponsored Saint Louis University Vaccine and Treatment Evaluation Unit (15a). Ninety subjects were equally randomized into six arms as follows. Seventy-five subjects received two doses of Imvamune (2 ϫ 10 7 , 5 ϫ 10 7 , or 1 ϫ 10 8 50% tissue culture infective dose [TCID 50 ]) or saline placebo at weeks 0 and 4, followed by 1 ϫ 10 8 PFU/ml of Dryvax or saline placebo by scarification at month 4 after the first vaccination. Fifteen subjects also received two doses of saline administered subcutaneously followed by Dryvax. Blood was drawn for plaque reduction neutralizing antibody response at 2 weeks after the first and second vaccinations and 4 weeks after the third vaccination. The mean (Ϯ standard deviation [SD]) age was 24.8 (Ϯ 3.8) years. The sera used in this study were from 10 vaccinia virus naïve-individuals that were inoculated and boosted with 1 ϫ 10 8 TCID 50 of MVA; sera were collected prevaccination and 2 weeks after the second dose of vaccine. Human Dryvax sera were collected from 25 laboratory staff members before inoculation and 4 weeks after a single dose of ANTIBODY PROFILING OF SMALLPOX VACCINES Dryvax AND MVA 653
Dryvax as described previously (10) . The mean (Ϯ SD) age of the subjects was 33.3 (Ϯ 8.8) years. Thirteen subjects were vaccinia virus naïve at the time of vaccination, and 12 were receiving a boost. Virus neutralization assays. Neutralization titers of rabbit and monkey sera were determined by incubation of twofold serial dilutions of sera with recombinant vaccinia virus intracellular mature virions (MVs) that expresses green fluorescent protein (GFP) and then quantifying infected cells by flow cytometry, as described previously (12) . Dilutions required for 50% neutralization relative to no-serum neutralization (50% inhibitory concentration values) were calculated with PRISM software (GraphPad, San Diego, CA). Titers of MVA-neutralizing activity in human Imvamune sera were determined by overnight incubation of twofold serial dilutions of heat-inactivated sera with MVA (30 to 50 PFU), followed by incubation with BSC-40 cell monolayers for 2 days, as described previously (24) . Plaques were counted using a dissecting microscope and the 60% plaque reduction neutralization test titer was determined by interpolation by use of a linear regression function in Microsoft Excel.
Measurement of serum antibody by enzyme-linked immunosorbent assay (ELISA). Procedures for measurement of serum antibody responses by use of purified WR virus-coated plates and specific vaccinia virus protein-coated plates have been previously reported (13) .
Proteome microarrays. Arrays displaying the prototype vaccinia virus strain WR proteome were produced as described previously (10) . Briefly, vaccinia virus WR genomic DNA was used as a template for PCRs to amplify individual open reading frames (ORFs), which were then cloned into a T7 expression vector by use of homologous recombination. All proteins were expressed from purified plasmids in Escherichia coli-based coupled in vitro transcription/translation reaction (RTS 100 kits; Roche), except for L1, which was expressed in RTS disulfide kits (Roche) according to the manufacturer's instructions and designated "L1ss" in the figures. Detection of antibodies to L1 by microarray was found to be dependent on expression of the L1 protein in conditions that permitted disulfide bond formation (see Fig. S1 in the supplemental material). Control reactions that lacked template DNA or empty expression vector were also set up. Reactions were printed without further purification onto nitrocellulose-coated FAST slides (Whatman) by use of an Omni Grid 100 microarray printer (Gene Machines). For probing, sera were used at 1/50 or 1/100 dilution in protein array blocking buffer (Whatman) plus 10% E. coli lysate to block antibodies to E. coli. Bound hyperimmune rabbit antibodies were visualized with Cy3-conjugated goat anti-rabbit immunoglobulin G (IgG) (Jackson ImmunoResearch) diluted 1/200 in blocking buffer. For human and macaque sera, the directly conjugated antibody was found to give low signals, and experiments were repeated using a biotinylated anti-human IgG (Jackson) followed by streptavidin-PBXL3 conjugate (Martek Biosciences), both used at 1/200 in blocking buffer. After being washed five times, slides were air dried under brief centrifugation and examined in a ScanArray ExpressHT microarray scanner (PerkinElmer). Fluorescence intensities were quantified by using ProScanArray Express software (PerkinElmer). Data handling and statistical analyses were performed as described in the figure legends and table footnotes.
RESULTS

Production of hyperimmune MVA and WR sera in rabbits.
Hyperimmune sera were generated in rabbits against MVA and the replication-competent strain WR as laboratory reagents and used in this study to partially verify the arrays against standard ELISAs. In rabbits, MVA infections were asymptomatic, whereas WR was pathogenic and caused a transient loss of appetite (days 4 to 7), lethargy (days 5 to 6), and lesions at the injection site. Virus-specific antibody titers were monitored by ELISA of whole vaccinia virus and by virus neutralization measured by flow cytometry with vaccinia virus expressing GFP. Robust immune responses occurred to both MVA and WR inoculation, although WR induced higher antibody titers and ϳ10-fold-higher virus-neutralizing titers ( Fig.  2A and B, respectively). ELISAs were also performed with the following purified membrane proteins expressed in insect cells: L1 and A27, as representatives of MVs, and B5 and A33, as representatives of extracellular mature virions (EVs). Both hyperimmune MVA and WR sera showed strong responses to all four proteins (Fig. 3A) , with the data essentially mirroring that obtained by ELISAs against whole vaccinia virus. Responses to L1, B5, and A33 reached similar maximal titers in MVA-and WR-inoculated rabbits, although the rise to plateau was more rapid in the latter. The titers to A27 were lower after MVA inoculation, which may contribute to the lower neutralizing activity of MVA hyperimmue sera (Fig. 2B) . The differences in immunogenicity between MVA and WR viruses are probably due to the fact that while WR is replication competent and pathogenic in mammalian hosts, MVA is not. We then used the hyperimmune rabbit sera to probe proteome microarrays displaying 210 different vaccinia virus WR proteins. Shown in Fig. 3B are the array signal intensities (SIs) for A27, L1, B5, and A33 plotted alongside the corresponding ELISA data for comparison. Array data for A27, L1, and B5 corresponded well to that obtained by ELISA, providing verification of the array platform. The response to A27 matched particularly closely, with both assays reporting a low titer in FIG. 4 . Rabbit hyperimmune MVA sera predominantly contain antibodies to late virion proteins, whereas WR is pathogenic in rabbits and also induces antibodies to early proteins. Hyperimmune rabbit sera generated against MVA (A) and WR (B) according to the schedules shown in Fig.  1A were used to probe WR proteome microarrays. The "no-DNA" control signals were subtracted from the SI for each protein and assigned a shade of color according to the strength of the signal, shown at the bottom of the figure. Antigens that were uniformly seronegative (i.e., SI of Ͻ5,000 in all six animals) have been omitted for clarity. The antigens have been classified into main groups 1 to 4 as follows. Group 1 consists of structural proteins, which have been subclassified into membrane proteins on intracellular MV and EV, core proteins, and other virion-associated late proteins. Group 2 consists of regulation proteins, subclassified into "transcr." (transcription, translation) and "replic." (DNA synthesis and genome replication). Group 3 consists of host range, virulence, and host defense proteins (virokines, cytokine receptors, and modulators of apoptosis, etc.). Group MVA sera relative to that in WR sera. The array format also readily detected antibodies to A33, but only in WR-hyperimmune serum. Since antibodies from MVA-inoculated rabbits were detected by ELISA using A33 secreted from insect cells, we assume that these sera recognized native protein predominantly, whereas WR sera recognized both native insect cell and nonnative E. coli-expressed protein.
Hyperimmune rabbit MVA sera recognize mainly late virion proteins, whereas WR sera also recognize early proteins. We next analyzed the antibody responses at the level of the vaccinia virus proteome (Fig. 4) . Responses to individual proteins were very consistent between individual rabbits, particularly for the strongly immunoreactive antigens. In hyperimmune MVA sera (Fig. 4A) , 18 different antigens were recognized in total, of which 13 were recognized by at least two of the three animals in each group. The MVA antibody profile was focused overwhelmingly on virion proteins (summarized in Table 1 ). Of the 13 commonly recognized antigens, 7 were membrane proteins and 4 were core proteins. Longitudinal sampling revealed the responses to envelope proteins appeared first and prior to the first boost, whereas the appearance of antibodies to the core proteins was not seen until after the first boost.
By comparison, the responses to WR evolved more rapidly, and near-maximal signals were attained prior to the first boost (Fig. 4B) . WR also engendered a much broader antibody profile than MVA. Fifty antigens were recognized overall (ϳ22% of the proteome), of which 40 were recognized by two or more animals. Moreover, all of the antigens in the MVA profile were also present in the WR profile. The additional antigens in the latter were mostly nonstructural/early proteins. Several of these are present in virions (8, 28, 38) , while others, particularly those involved in host defense, are absent from virions (Fig. 4C) .
Antibodies to vaccinia virus EV and MV membrane proteins are known to mediate virus neutralization and protection against infection (2) . Therefore, we determined antibody titers to all the vaccinia virus proteins by probing arrays with serially diluted hyperimmune MVA and WR sera. Titration data for the MV membrane protein H3 are shown in Fig. 5A as a representative example. Titers for the top immunoreactive membrane proteins (seven MV and five EV proteins) are shown in Fig. 5B . Titers were generally lower in the MVA sera, although only H3 antibodies were significantly lower (P Ͻ a Listed here are all the antigens recognized by 50% or more of the rabbits, macaques, and humans sampled in this study and ranked in each cell in descending order of average SI. Antigens were scored as positive if the SI was Ͼ5,000 after subtraction of the corresponding SI obtained with preimmune serum.
b Antigens marked with asterisks were recognized by 100% of the individuals in the group. c The 25 humans sampled after Dryvax vaccination consisted of 13 individuals undergoing primary responses and 12 undergoing secondary responses (10).
0.05). Overall, the reduced titers of antibodies to MV membrane proteins in MVA sera, as determined both by ELISA ( Fig. 2A) and array (Fig. 5B ), are consistent with reduced MV-neutralizing activity (Fig. 2B) . The data set of immunoreactive viral proteins also allowed us to identify properties of viral proteins that were associated with immunogenicity (Table 2) . We found that membrane and core proteins, proteins with late or early/late temporal expression, and proteins with transmembrane domains were overrepresented in the immunoreactive antigen set relative to the whole proteome. These predictors are strongest in MVA profiles, since the antibody profile to MVA is more heavily skewed toward structural proteins. In contrast, early proteins were underrepresented relative to the whole proteome, and there was negligible influence of molecular weight, isoelectric point, or the presence of a signal sequence on immunogenicity.
MVA and Dryvax antibody profiles in macaques are broadly similar to each other. Hyperimmune rabbit sera have been particularly useful here for the verification of arrays against existing immunoassay platforms. However, from a vaccine perspective, the responses by humans and nonhuman primates are more informative. The macaque is of particular importance since it is a close model of the human immune response and because smallpox vaccines can no longer be evaluated in human populations with endemic infections. Therefore, we probed arrays with sera from macaques inoculated with MVA and boosted with either MVA or Dryvax or else given Dryvax alone (13) . Each of these regimens was shown to be equally protective in macaques against a lethal monkeypox challenge. Macaque profiles, shown in Fig. 6 , showed interindividual heterogeneity greater than that seen for rabbits. In the MVA/ MVA group (Fig. 6A) , the strongest and most frequent positive signals were against structural proteins, particularly to the membrane proteins H3, D8, L1, and B5 and to core protein A10. The total number of commonly recognized antigens was 14, of which 8 were also commonly recognized by rabbits (Table 1). Robust responses were also seen to virion proteins A11 and D13, the latter being a highly expressed protein detectable in MVs (8, 28) .
The response to Dryvax alone (Fig. 6C ) was broadly similar to that seen for the MVA/MVA group, with the correlation coefficients being slightly higher for membrane proteins, or membrane and core proteins, than for other proteins ( Table  3 ). The most striking difference between macaque MVA/MVA and Dryvax antibody profiles was the response to the WR148 A-type inclusion protein homolog. This protein is immunodominant in the Dryvax profile but absent from the MVA profile owing to a deletion of this region of the MVA genome. Other differences were antibodies to A33, I1, E2, and WR149, which were found only in the response to Dryvax (the lack of A33 response in MVA sera being a possible conformation issue, as discussed earlier). As seen previously, strong correlates of antigenicity in responses to both MVA and Dryvax were membrane/core proteins, late temporal expression, and/or the presence of transmembrane domain(s) ( Table 2) .
Macaques inoculated with MVA followed by Dryvax show signature WR148 antibody. It has been proposed that MVA could be used to prevaccinate individuals prior to receiving Dryvax to reduce its reactogenicity (13, 25) . However, there are concerns that preexisting immunity to MVA may block the . 1A) ; macaque sera from week 14 (group 1 in Fig. 1B) ; human sera from week 16 (group 1 in Fig. 1C) . c DVX, Dryvax. Rabbit sera from week 12 (group 2 in Fig. 1A) ; macaque sera from week 14 (group 3 in Fig. 1B) ; human primary plus secondary responses from week 4 post-Dryvax (group 2 in Fig. 1C) . infectivity of Dryvax when given as a boost. We found that profiles from macaques given MVA and boosted with Dryvax were indistinguishable from the Dryvax-alone profiles (Fig.  6B ). In particular, the MVA/DVX profile included modest titers to the WR148 protein, which are not produced in response to MVA alone. This observation confirms that prior immunization with MVA does not inhibit the immunogenicity of Dryvax given subsequently as a boost. MVA and Dryvax antibody profiles in humans are also broadly similar to each other. We next profiled human responses to MVA for comparison with the protective Dryvax response. All human subjects inoculated with Imvamune were confirmed for the development of MVA-neutralizing antibod- FIG. 6 . Antibody profiling of macaques inoculated with MVA or Dryvax shows both profiles are dominated by antibodies to structural proteins. Antibody profiles of cynomolgus macaques pre-and postimmunization with MVA/MVA (n ϭ 6) (A), MVA/DVX (n ϭ 6) (B), or Ϫ/DVX (n ϭ 6) (C) according to the schedules shown in Fig. 1B . Note that week 14 of the Dryvax-alone experiment (C) corresponds to week 6 postvaccination (Fig. 1B) . Data representation is as described for a The values shown are correlation coefficients (R 2 ) obtained from scatter plots comparing array SIs of MVA and Dryvax profiles obtained from vaccinated macaques and humans. The "no DNA" control background was subtracted from the SIs for each group and averages plotted. ies, with postvaccination titers ranging from 1/45 to 1/4,569 ( Table 4) . The sera were then used to probe vaccinia virus arrays and the profiles compared to human Dryvax profiles obtained previously (10) (Fig. 7 and Table 1 ). Human MVA profiles were dominated by responses to structural antigens, particularly the membrane proteins H3, D8, L1, and B5 and the core protein A10, consistent with macaque profiles. The response to Dryvax was also broadly similar (Fig. 7B) , with the greatest concordance again being antibodies against membrane and core proteins ( Table 3) . As seen for macaques, a major difference between human MVA and Dryvax profiles was the response to WR148, which was lacking from the MVA response. Responses to D13, A11, and H5 were also stronger in the Dryvax profiles. All of these proteins are present in WR MVs (8, 28) and are probably present in Dryvax virions. As we reported previously (10), a strong signal to the B2 protein (function unknown) was seen in naïve as well as postvaccination human sera. This is due either to cross-reactive antibody or to the nonspecific capture of human IgG by the vaccinia virus B2 protein. As before, membrane/core proteins, late temporal expression, and the presence of transmembrane domain(s) are correlated with immunogenicity (Table 2) . Differences between human primary and secondary responses to Dryvax have been described previously (10) .
Macaques and humans share similar antibody profiles to both MVA and Dryvax. Finally, we aligned the human and macaque profiles. In Fig. 8 , the average SIs for each vaccinated group are shown. Overall, human and macaque profiles were very similar. Immunodominant membrane proteins in Dryvax shared in human and macaque responses were the MV proteins H3, A13, D8, A17, and L1 and the EV proteins B5, A33, and A56. Similarly, immunodominant membrane proteins in MVA shared by human and macaque profiles were H3, A13, D8, and L1 (MV) and B5 (EV). When all SIs on the chip were compared, the correlation coefficients (R 2 ) were 0.656 and 0.722 for Dryvax and MVA, respectively (Fig. 9) . The concordance of human and macaque signals was highest for membrane proteins, with R 2 for Dryvax and MVA profiles of 0.696 and 0.827, respectively (data not shown). By comparison, the concordance of MVA profiles in humans and rabbits was lower (R 2 ϭ 0.357) but slightly higher between rabbits and macaques (R 2 ϭ 0.437) (data not shown). These differences may be a consequence of phylogenetic relatedness between these different host species.
DISCUSSION
In this study we have applied a method developed in our laboratory to produce protein microarray chips from microorganisms on a whole-proteome scale (9) . An array displaying the prototypic vaccinia virus strain WR has been used to screen the sera of mammalian hosts infected with vaccinia virus strains MVA, Dryvax, and WR. Since most protein sequences of MVA are 97 to 99% identical to those of other vaccinia virus strains (3), extensive binding cross-reactivity is expected. The first aim of the study was to describe antibody signatures that correlated with protection against orthopoxvirus challenge. Since macaques are protected from monkeypox challenge by both MVA and Dryvax, protective antibodies are likely to be among those conserved between both profiles. The second aim was to quantify the correlation between macaque and human profiles in response to both vaccines. Since humans are protected against smallpox by Dryvax, the relatedness of Dryvax antibody signatures in macaques and humans will help gauge the macaque as a model for human infection.
The first main finding of the study is that MVA and Dryvax profiles were very similar to each other, in both human and macaque responses. Precise alignments of MVA and Dryvax profiles in humans and macaques are complicated by their heterogeneity, although antibodies to membrane proteins were particularly well conserved between the vaccines. Importantly, antibodies to both MV and EV forms of the virus were found. MVs are robust, enveloped virions that may mediate transmission between individual hosts, whereas EVs are double-enveloped particles that are thought to mediate the intercellular spread of infection within an individual host (29, 30) . Given the general acceptance that a replacement smallpox vaccine must elicit antibodies that neutralize both MV and EV forms of infectious particles in order to be successful (16, 35) , it is encouraging that we observed antibodies to EV and MV membrane proteins in MVA profiles. The responses to some nonmembrane proteins were less well conserved, although these antibodies would not be expected to influence virus neutralization. The high concordance of MVA and Dryvax profiles in macaques seen here is consistent with previously published ELISA data showing antibody binding and neutralizing titers were equivalent or higher in the MVA/MVA and MVA/DVX groups than those induced by a single dose of Dryvax (13) . The most significant difference we saw was a lack of a response in MVA profiles to the immunodominant A-type inclusion protein homolog WR148, owing to its deletion from MVA. This confirms an earlier Western blot comparison of vaccinia virus Ig and MVA sera (17) and suggests that this antigen may provide a useful diagnostic tool.
Given the ability of MVA to synthesize both early and late proteins, it is not surprising that the Dryvax and MVA profiles are so similar. Indeed, abundant late structural components can account for the majority of antigens recognized in both profiles. By comparison, WR profiles in hyperimmune rabbits were characterized by a significant expansion in the response against nonstructural/early proteins relative to the MVA profile and included several against proteins not found in virions. Figure 1C shows further detail.
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The difference is likely to be related to the increased pathology associated with WR infection in rabbits compared to MVA. One possibility is that WR infection in the rabbit leads to significant necrotic cell death, allowing intracellular viral antigens to become accessible to B cells. Alternatively, WR infection may lead to a more "systemic" infection in rabbits and substantially higher amounts of all viral antigens in comparison to the inoculation of replication-defective MVA. Despite this expanded WR profile relative to what was seen for MVA, the responses to membrane proteins were broadly similar. Titers were lower in the MVA response, although the significance of this in terms of the protection afforded by MVA in vivo is not clear. The second main finding of the study was a high concordance between vaccination signatures from macaques protected against lethal orthopox challenge and the corresponding human signatures. Overall, these data support the notion that the macaque is a close model for the human antibody response and that, by extension, MVA should provide protection against lethal orthopoxvirus challenge in humans. Since MVA was developed towards the end of the eradication campaign, it was not used in areas of smallpox endemicity, and no efficacy data for the prevention of smallpox were obtained. This is also a problem for other pathogens of importance in biodefense that cannot be tested in humans. To address this, the U.S. Food and Drug Administration (FDA) instituted the "two-animal rule" specifically for vaccines and other agents that need to be licensed against diseases of low or no incidence in the population. A vaccine for smallpox, such as MVA, would be required under this rule to show protection in two animal species expected to react with a response predictive for humans. This study has also helped determine whether MVA has utility to reduce the reactogenicity of conventional vaccines. A concern is that MVA may negate the effect of Dryvax altogether by virtue of engendering prior immunity. We found that immunization of macaques with MVA followed by Dryvax engendered a profile indistinguishable from that achieved with Dryvax alone. In particular, the presence of antibodies to WR148 in the MVA/DVX profile signified that the Dryvax boost engendered an immune response. Previous studies in these macaques showed antibody titers attained after two doses of MVA or one dose of MVA followed by one dose of Dryvax were higher than those after a single dose of Dryvax (13) . In a recent study in which results for humans who were given two or more doses of MVA followed by Dryvax challenge were compared to results for Dryvax challenge alone, it was noted that although neutralizing antibody titers were similar, individuals receiving a prior MVA inoculation had elevated titers of antibodies to EV proteins B5 and A33 (25) . Together, the data indicate the MVA prime-boost regimen does not diminish the immunogenicity engendered by Dryvax and in some cases may enhance it.
In summary, we have profiled the humoral response to MVA and compared it with the currently licensed vaccine Dryvax and the pathogenic strain WR. The data reveal that despite the deletion of several genes from the MVA genome, there has been little impact on the profile of antibodies to membrane proteins. Differences between profiles depend on whether MVA is compared to Dryvax or WR, but in each case, the major differences are found among the responses to nonmembrane proteins.
